Few studies have addressed the proximate factors a¡ecting the age at which individuals of long-lived bird species are recruited into the breeding population. We use capture^recapture analysis of resightings of 16 birth cohorts of colour-ringed great cormorants, Phalacrocorax carbo sinensis, in a Danish colony to assess the evidence for two hypotheses: conspeci¢c attraction (earlier recruitment when the colony is large) and conspeci¢c reproductive success (earlier recruitment following years of high breeding success). For both males and females, conspeci¢c reproductive success was the most important covariate explaining the interannual variation in age of recruitment; colony size was also important for females. These covariates explained nearly 60% of the year-to-year variation for both sexes. The age of recruitment increased for cohorts born after 1990, and this increase was correlated with a decline in breeding success in the colony; we interpret this as an indirect and delayed density-dependent e¡ect. Females were recruited earlier than males (mean age of recruitment for cohorts born before 1990: 2.98 years versus 3.53 years); the most plausible reason for this is a skewed sex ratio in favour of males in the adult population. Recruitment of males may thus, to some extent, be constrained by the availability of females. This study provides the ¢rst evidence that conspeci¢c reproductive success can a¡ect the age at which individual birds start to breed.
INTRODUCTION
The decision of when and where to start breeding is an important one for long-lived birds (Stearns 1992) . First reproduction can a¡ect ¢tness in subsequent years through e¡ects on both survival and future reproduction (Viallefont et al. 1995) , and there should be evolutionary pressure to minimize the net ¢tness costs by choosing a suitable place and time to breed for the ¢rst time. Several hypotheses have been proposed to explain the choice of where to join the breeding population: the conspeci¢c-attraction hypothesis (Stamps 1988; Reed & Dobson 1993) states that pre-breeders use the presence of breeders of the same species as a cue in breeding-habitat selection, and thus that dense populations or large colonies attract many new breeders; the conspeci¢c-reproductive-success hypothesis (Boulinier & Lemel 1996; Boulinier & Danchin 1997) states that pre-breeders prospect in several breeding patches and preferentially settle in those where reproductive success is high, normally in the subsequent breeding season (Danchin et al. 1998; Brown et al. 2000) .
In terms of when a bird should start breeding, most attention has been focused on trying to explain the occurrence of delayed recruitment in long-lived birds as a result of trade-o¡s between current and future reproduction or survival (Stearns 1992) . However, once delayed recruitment has evolved, it is to be expected that external factors will a¡ect the age at which each individual initiates breeding. From the two hypotheses mentioned above, it is possible to predict the circumstances in which recruitment to the breeding population should be high: in years when the population density or colony size is high (conspeci¢c-attraction hypothesis), or following years of high local breeding success (conspeci¢c-reproductivesuccess hypothesis) (Oro & Pradel 2000) . Indeed, the spatial and temporal aspects of recruitment to the breeding population are two sides of the same issue: when a bird reaches the age of physiological and social maturity, it must choose when and in which nesting patch it should attempt to breed. Conspeci¢c attraction and conspeci¢c reproductive success are two possible cues in this selection process. Temporal variation in population density and breeding success is not necessarily correlated among patches, and therefore the same patches will not be the most attractive every year and variations in recruitment will be observed over both space and time. If all patches happen to be unattractive in the same year, prospective breeders may postpone their ¢rst breeding attempt rather than join any of the available patches. Obviously, the actual age of ¢rst reproduction may also be a¡ected by constraints: if nest sites or mates are in short supply, some birds will not be able to start breeding in the year and patch that would otherwise be optimal for them.
Here, we examine variation in age of recruitment in a large colony of great cormorants, Phalacrocorax carbo sinensis, based on resightings of known-age birds, and evaluate the evidence for each of the two hypotheses described above. We use an age-speci¢c variation of Pradel's model for estimating recruitment through analysis of time-reversed capture^recapture data (Pradel 1996) . This method estimates the age-speci¢c proportion of experienced breeders (seniority probability g) in the population; it has previously been used in several other long-lived bird species (e.g. Pradel et al. 1997; Cooch et al. 1999; Oro & Pradel 2000) . Seniority probabilities are a¡ected both negatively by recruitment in the current year (many new breeders in year i lead to low g i ) and positively by recruitment in the previous year (many new breeders in year i71 lead to high g i ). The number of birds available for recruitment decreases with age (which, for each birth cohort, is synonymous with time) and, therefore, g i will be more strongly correlated with recruitment in year i71than in year i (expected correlations have been con¢rmed numerically and algebraically, R. Pradel & M. Frederiksen, unpublished data) . Recalling the general predictions of the two hypotheses, we can predict how g will vary with colony size (N) and breeding success (B): the conspeci¢c-attraction hypothesis predicts a positive correlation between g i and N i71 , and a weaker negative correlation between g i and N i ; the conspeci¢c-reproductive-success hypothesis predicts a positive correlation between g i and B i72 (high B i72 leads to high recruitment in year i71 and thus to high g i ), and a weaker negative correlation between g i and B i71 .
Neither the hypotheses nor their predictions are mutually exclusive; in order to investigate which hypothesis is best supported by the data, we ¢t a series of models using measures of colony size and breeding success as covariates, and select the model that provides the most appropriate description of the data (Burnham & Anderson 1998 ).
METHODS

(a) Data collection
The data were collected in a large colony of great cormorants at VorsÖ, Denmark (558 52' N, 108 01'E). During the study period, this colony increased in size from 950 pairs in 1980 to more than 5000 pairs in 1991, stabilized at this level for some years and subsequently declined to 3100 pairs in 1998 (T. Bregnballe, unpublished data). The mean breeding success in the colony was high (ca. two £edged chicks per nest) until 1990 and subsequently declined sharply to ca. one £edged chick per nest in 1996^1998 (Bregnballe 1996; T. Bregnballe, unpublished data) .
Nearly-£edged chicks in this colony have been marked with coloured Darvic leg rings, engraved with a three-digit alphanumeric code, since 1977. Observations of breeding birds have been carried out regularly throughout the breeding season since 1982 (for details of ¢eldwork, see Frederiksen and Bregnballe (2000) ). Great cormorants very rarely attempt to breed before they are 2 years old, so we use resightings of 16 birth cohorts (1980^1995) followed over 17 breeding seasons (1982^1998) to estimate the age of recruitment. The number of colour-ringed chicks per cohort varied between 375 and 1137, and totalled 9300 over the 16 cohorts.
We de¢ned a bird as having attempted to breed when either it or its mate had laid eggs, as con¢rmed by observations of eggs, incubating or brooding birds, or chicks in the nest. Breeding attempts by birds known to have bred at least once in parts of the colony where breeding attempts were di¤cult to con¢rm because of low observation e¡ort and/or di¤cult observation conditions were excluded from the data set; their presence would have induced heterogeneity of resighting probabilities.
Thus, we studied recruitment into the observable part of the colony; 3088 breeding attempts by 1134 individuals were available for analysis. Chicks could not be sexed at ringing but the majority of breeding birds were sexed by behavioural observations before or during breeding attempts. However, 35 breeders (involved in 40 breeding attempts) remained unsexed and were excluded from the analysis. In the early years of the study at VorsÖ (1977^1985), unringed birds in immature plumage, presumed to be 1 year olds, were, in a few cases, observed involved in breeding attempts, and in our data set one individual, a female marked in 1981, was known to have attempted to breed at the age of 1 year. We suppressed this observation and assumed throughout that great cormorants initiate breeding at the age of 2 years.
(b) Statistical analysis
Known breeding attempts for each bird were collated into capture histories, which were analysed in MARK (White & Burnham 1999) . Model notation follows the principles of Lebreton et al. (1992) , where factors included are denoted by subscripts for each parameter type, with capital letters indicating linear constraints over factor levels (here, age) . Asterisks between subscripted factors indicate models with interaction terms, and plus signs indicate additive models (without interaction terms). We used QAIC (quasi-likelihood Akaike's information criterion; Burnham & Anderson 1998) in model selection to adjust for lack of ¢t of the general model.
In order to use Pradel's reverse approach (Pradel 1996) to study age of recruitment, the data must be handled in a particular way (Pradel et al. 1997) . Only known breeders are used in the analysis, and the initial capture (marking as un£edged chick) is deleted from the capture history. In order to track age, it is then necessary to split the data into groups corresponding to birth cohorts. For each cohort, age, a, and time (year), t, e¡ects are inseparable but by applying appropriate constraints to a multicohort data set it is possible to separate the e¡ects of birth cohort, age and year (Pradel et al. 1997) . Capture histories are then read backwards, and the seniority probability, g, is estimated instead of the survival probability. The seniority probability estimates the probability that a breeder in a given year and of a given age is an experienced breeder, i.e. that it has already bred in a previous year. This method takes into account the probability of observing a bird, given that it is breeding (estimated as p), and does not rely on restrictive assumptions about survival (e.g. equality of survival between breeders and pre-breeders) since only data from the period in which each individual is known to be alive are used . Recently, Schwarz & Arnason (2000) indicated that the method of Pradel et al. (1997) can be biased; however, we believe that this concern is unfounded (Frederiksen & Pradel 2001) .
We analysed male and female recruitment separately; the data sets contained 1594 breeding attempts by 554 males and 1454 breeding attempts by 545 females. Joint analysis of males and females would have led to models of intractable size and complexity; in order to test for sex di¡erences we derived the mean gs for males and females and compared them using the program CONTRAST (Hines & Sauer 1989) . Goodness-of-¢t was tested using RELEASE (Burnham et al. 1987; Pradel 1993) for each cohort separately, and a general test for the model g a*t , p a*t was constructed by summing the w of freedom (Lebreton et al. 1992) , and used in model selection and estimation of precision.
The set of candidate models for g included additive combinations of age and time variation, with or without linear or logl inear constraints on age variation. We also tried to constrain the variation over time to be a function of N i , N i71 , B i71 , B i72 or any combination of these covariates, re£ecting di¡erent hypotheses about the regulation of age of recruitment. For p, only models with or without variation over time were used; for simplicity, we did not attempt to model variation over age in resighting probability.
The amount of variation explained by the covariates was estimated by analysis of deviance (Skalski et al. 1993) ; the proportion of deviance explained by one or more covariates or factors is analogous to r 2 in regression analysis.
RESULTS
(a) Females
The RELEASE goodness-of-¢t test summed over all cohorts was signi¢cant (w 2 252 336, p 5 0.0001). The lack of ¢t was fairly evenly distributed over cohorts and test components, and therefore we used the variance in£ation factor c 1.33 in model selection and calculation of con¢-dence limits (Lebreton et al. 1992) .
Model selection showed that the general model g a * t , p t could be reduced by regarding the resighting probability, p, as constant (table 1, models 1 and 2) and by assuming no interaction between age and time (table 1, models 2 and 3) in g. A further reduction of the age e¡ect, by applying a logistic-linear constraint on the variation over log(age), provided a good description; a constraint directly on age was less successful (table 1, models 3, 4 and 5). Out of the models constraining the time e¡ect, the one including B i72 and N i71 (model 7) was preferred, and these factors explained 57% of the additive variation between years. The closest competing model included the same covariates plus N i (model 9). The resighting probability, p, could be considered constant (models 7 and 11) with an estimated value of 0.582.
Age of recruitment varied widely across cohorts but was generally higher for birds born after 1989, as illustrated by the proportion of experienced breeders among 3 year olds (g 3 ) (¢gure 1a). Females born in 1988 and 1989 were recruited exceptionally early, i.e. g 3 was high in 1991 and 1992 (¢gure 1a). The increase in g with age was smooth (¢gure 2a) and no females were estimated to have been recruited later than age 8 years. For cohorts that could be assumed to have completed recruitment (1980^1989) we calculated mean age-speci¢c breeding proportions (AE i ) from mean g i s using the formula of (¢gure 3). This conversion assumes equal survival of breeders and pre-breeders of the same age. For females of these cohorts, 44% of 2 year olds and 70% of 3 year olds were estimated to breed. Recruitment was virtually complete at 8 years, when more than 98% bred. Both results from models with unconstrained variation over time and from models where this variation was constrained to be a function of breeding success 2 years previously and population size in the previous year (females), or only breeding success 2 years previously (males), are shown. For both sexes, the constrained model was preferred (see table 1). the lack of ¢t was fairly evenly distributed over cohorts and test components. We used the variance in£ation factor c 1.32 in model selection and calculation of con¢-dence limits.
The ¢rst steps of model selection gave very similar results to those for females (table 1, models 1 to 5). Among the covariate models, the most appropriate included only B i72 (table 1, model 8), which explained 58% of the between-year variation in g; the closest competitor also included B i71 (model 10). As for females, p could be considered constant (table 1, models 8 and 12) with an estimated value of 0.621.
Variation in age of recruitment over time was less pronounced than for females, as shown by the higher ranking (lower ÁQAIC) of model 6, including only the e¡ect of age (table 1). However, recruitment was later in most years in the 1990s (¢gure 1b). As for females, g increased smoothly with age, although the initial values were lower and the increase steeper (¢gure 2b). Agespeci¢c breeding proportions were lower for males than for females; in the 1980^1989 cohorts, 25% of the 2 year old males and 53% of the 3 year old males were estimated to breed, and at the age of 8 years the proportion of breeders was more than 97% (¢gure 3).
(c) Slopes of the covariate relationships
All models were run with a logit link function in order to constrain parameter estimates to between zero and unity, and the slopes of the relationships between g and the various covariates should be interpreted in this context. In all models including B i72 , the slope associated with this covariate was positive and signi¢cantly di¡erent from zero (table 2). For B i71 , the slope was always negative and non-signi¢cant when B i72 was also included, and otherwise always positive and signi¢cant. For females, slopes associated with N i71 and N i were positive and signi¢cant when either of these covariates occurred with either B i72 or B i71 but no other parameters (table 2). The remaining slopes showed no consistent patterns and never approached signi¢cance. The slope of the relationship between g and B i72 was steeper for females than for males (¢gure 4).
Correlations were high between B i72 and B i71 (r 0.94) and between N i71 and N i (r 0.90), and lower between breeding success and colony size (four pair-wise combinations, À0:574r 4 À 0:21.
DISCUSSION
(a) Which factors determine the age of recruitment?
Our results strongly support the hypothesis that immature great cormorants use conspeci¢c reproductive success as a cue to when to start breeding. For both females and males, recruitment was high if breeding success had been high in the previous year, causing a consistent and signi¢-cant positive relationship between seniority probability and the breeding success 2 years earlier (table 2). The expected weaker negative relationship between seniority probability and breeding success in the previous year was also found consistently, although the slope was not signi¢-cant (table 2) Both results from models with unconstrained age variation and from models where the age variation was constrained to be a logistic-linear function of log(age) are shown. For both sexes, the constrained model was preferred (see table 1). year was included in the model, a signi¢cant positive relationship with g was found; the high temporal autocorrelation between breeding successes in successive years caused B i71 to act as a surrogate for B i72 in these models. However, in every case, the models with B i71 had a higher deviance and QAIC (data not shown), and a lower estimated slope (table 2), than those with B i72 , con¢rming that breeding success 2 years previously was the most important factor associated with g.
The decline in g observed during the 1990s (¢gure 1) thus seemed to be mainly a consequence of the decline in breeding success, which itself has been interpreted as a delayed response to increasing colony size, mediated through food availability (Bregnballe 1996) . Thus, our results indicate that recruitment to the breeding population in a great-cormorant colony is only indirectly density dependent: when breeding success starts to decline in a colony because of decreasing food availability it will become less attractive to prospective breeders, which will then choose to join other colonies or delay their ¢rst breeding attempts. This delayed and indirect response could be one reason why some cormorant colonies apparently`overshoot' their optimal size (T. Bregnballe, unpublished data) . It is also conceivable that the age of recruitment is directly a¡ected by food availability through physiological constraints. Only an experimental approach, studying recruitment and dispersal in relation to manipulations of local reproductive success independently of local environmental quality, could provide con¢rmation that conspeci¢c reproductive success is used as a proximate cue.
There was also some support in our results for the conspeci¢c-attraction hypothesis. The preferred model for females included a positive e¡ect of colony size in the previous year on g, and the slope of this e¡ect was signi¢-cant (table 2). Because of high temporal autocorrelation, N i could act as a surrogate for N i71 , and a positive e¡ect was found in several models. Female great cormorants were, indeed, recruited particularly early in 1990 and 1991, when the colony reached its maximum size (¢gure 1a). No e¡ect of colony size was found for male recruitment. This is, to our knowledge, the ¢rst study to show earlier recruitment in years following good breeding years. Some previous studies have shown increased recruitment to local breeding patches following high breeding success (Danchin et al. (1998) for kittiwakes, Rissa tridactyla, and Brown et al. (2000) for cli¡ swallows, Petrochelidon pyrrhonota) but they have not involved knownage birds. Oro & Pradel (2000) attempted to model the e¡ect of breeding success on g for Audouin's gulls, Larus audouinii, and found no signi¢cant e¡ect; however, they found an e¡ect of colony size on recruitment and concluded that conspeci¢c attraction was the mechanism responsible.
That many cormorants were recruited in years following good breeding years indicates that the birds followed a prospecting strategy (Danchin et al. 1991; Cadiou et al. 1994) . This was also found by SchjÖrring et al. (1999) in the same colony; birds, particularly males, which had shown high prospecting activity were more likely to breed successfully in the following year. Prebreeding great cormorants, including 1 year olds, spend much time in the colony, where they have ample opportunities to collect information on local breeding success SchjÖrring et al. 1999) . It is therefore in full accordance with what is known about greatcormorant biology that they should use conspeci¢c reproductive success as a cue when choosing where and when to breed for the ¢rst time. This contrasts with the patterns Figure 4 . Point estimates of g 3 from unconstrained models in relation to B i72 for female and male great cormorants. The ¢gure also shows the modelled relationships from the preferred models, which are linear on a logistic scale. For females, the relationship is shown at mean population size (3600 pairs).
found in Brandt's cormorant, Phalacrocorax penicillatus, a species adapted to extreme annual £uctuations in food availability, where recruitment was strongly correlated with food availability in the same season (Boekelheide & Ainley 1989) .
(b) Why do females start to breed earlier than males?
We found that female great cormorants, on average, started to breed substantially earlier than males (¢gures 1, 2 and 3); the mean g 3 for the 1980^1989 cohorts was signi¢cantly higher for females (0.635 versus 0.464, w 2 8.31, p 5 0.01). Under the assumption of equal adult survival of the sexes , and of prebreeders and breeders of the same age, this di¡erence could be further quanti¢ed (see Appendix A): among philopatric birds, females started to breed, on average, 0.55 years earlier than males (mean age of ¢rst-time breeders: 2.98 years versus 3.53 years), and a higher proportion of females (88% of those returning to the colony at age 2 years versus 83% for males) managed at least one breeding attempt in their lives. Our results are in accordance with the ¢ndings of Bregnballe (1996) in the same colony: male breeders were, on average, 0.55 years older than female breeders, and the mean age di¡erence in 296 pairs where both partners were of known age was 0.94 years (T. Bregnballe, unpublished data).
Great cormorants are socially strictly monogamous, which leaves two plausible explanations for the observed di¡erence between sexes in the mean age at ¢rst breeding. The ¢rst is an unequal sex ratio in the adult population, with a majority of males. This was suggested by van Eerden & Munsterman (1995) , who sexed great cormorants at winter roosts throughout Europe by observing morphology, and reported an unequal sex ratio of 3:2 in favour of males. An unequal sex ratio of adults could be caused by a biased sex ratio at birth, by higher survival of male chicks in the nest or by higher male immature survival. In a population with an unequal adult sex ratio, it is most advantageous for parents to produce o¡spring of the sex that is in short supply (Stearns 1992) , in this case females. We therefore feel it most likely that the male-biased sex ratio is caused by a higher male immature survival. Wintering areas of male and female great cormorants overlap widely throughout Europe but, on average, males winter further north, closer to the breeding areas (van Eerden & Munsterman 1995; Bregnballe et al. 1997 ). Conceivably, males, which are, on average, ca. 20% heavier than females (Ko¤jberg & van Eerden 1995) , exclude females from the best wintering areas, leading to higher female mortality; such an e¡ect would probably be more pronounced for immatures than for adults. In favour of di¡erential survival is the ¢nding of Gre¨millet & Wilson (1999) that female great cormorants may be able to survive wintering in cold areas only if food availability is high.
The sex di¡erence in the mean age of recruitment could also be a consequence of lower colony ¢delity in females, a common pattern in birds (Clarke et al. 1997) , and the later recruitment of immigrants than of philopatrics. Since we have studied only philopatric breeders, our sample of female recruits might be biased towards younger ages. At present, we do not have the data to support or invalidate this hypothesis; however, the fact that our sample sizes of females and males were almost identical counts against it. SchjÖrring et al. (2000) showed that female great cormorants are more likely than males to change nest site within the colony from year to year; this could contribute to an underestimation of the true sex di¡erence, since marked females would be more likely than males to have bred previously in unobserved parts of the colony. Overall, the results presented here indicate that male recruitment is constrained by the availability of females, and that not all males may be able to start breeding at the optimal time.
(c) Future research
Since birds can use cues of breeding-patch quality to decide both where and when to start breeding, studies of factors in£uencing recruitment decisions should ideally be carried out in a multisite setting; this would be most practical for colonial species. If chicks are ringed in several colonies and observed as breeders in the same set of colonies then the data can be analysed using multistratum capture^recapture models (Arnason 1973; Brownie et al. 1993; Spendelow et al. 1995) . Such models can be adapted to allow the simultaneous estimation of probabilities of transitions between geographical sites and between reproductive states, i.e. from pre-breeder to breeder . The e¡ect of, for example, colony size and breeding success on the probability of recruitment could then readily be modelled using ultrastructural modelling similar to that which we have applied here. However, the disadvantage of this method is that it requires large data sets in order to make all parameters estimable.
Theoretical studies of the interaction between spatial and temporal aspects of breeding-habitat selection are also needed. We have presented here intuitively derived verbal predictions from two widely cited hypotheses, but more stringent theoretical models should allow more detailed predictions, e.g. concerning the expected e¡ects on recruitment of varying levels of temporal and spatial autocorrelation in habitat quality.
This study would not have been possible without the conscientious e¡orts over more than 20 years of banders and observers at VorsÖ, particularly Jens Gregersen. Roger Pradel, Jean-Dominique Lebreton, Giacomo Tavecchia, Thierry Boulinier and two anonymous referees provided valuable comments on an earlier version of this manuscript.
APPENDIX A
The age distribution of ¢rst-time breeders in the population, which we shall term d i , can be calculated from i , the age-speci¢c proportions of ¢rst-time breeders (Clobert et al. 1994; , and agespeci¢c survival probabilities (Frederiksen 1998) . The i are discounted by survival from the earliest age of breeding until age i:
,where y is the earliest age of breeding.
The sum of d i over all ages estimates the proportion of all locally surviving immatures (in this case, birds returning to the studied section of the colony at the age of 2 years) that attempt to breed at least once in their lives.
The mean of the distribution estimates the population mean age at ¢rst breeding. For the purposes of illustration, d i can be scaled to sum to unity; the resulting distribution can then easily be compared to the observed distribution of ages at ¢rst known breeding, which will show the e¡ect of resighting probabilities being less than unity. Table A1 illustrates these calculations for female and male great cormorants at VorsÖ. Table A1 . Calculations for female and male great cormorants at VorsÖ.
(Values for i are means for the 1980^1989 cohorts derived from mean g i s (this study), and survival estimates are means for the same cohorts . The calculations assume equal survival of pre-breeders and breeders of the same age, and we have also assumed no sex di¡erence in adult survival (supported by the ¢ndings of 
